Abstract Epstein-Barr virus (EBV) glycoprotein 42 (gp42) is a membrane protein essential for fusion and entry of EBV into host B-lymphocytes. Gp42 is a member of the protein-fold family C-type lectin or lectin-like domains (CLECT or CTLD) and specifically is classified as a natural-killer receptor (NKR)-like CLECT. Literature review and phylogenetic comparison show that EBV gp42 shares a common structure with other NKR-like CLECTs and possibly with many viral CTLDs, but does not appear to exhibit some common binding characteristics of many CTLDs, such as features required for calcium binding. The flexible N-terminal region adjacent to the CTLD fold is important for binding to other EBV glycoproteins and for a cleavage site that is necessary for infection of host cells. From structural studies of gp42 unbound and bound to receptor and extensive mutational analysis, a general model of how gp42 triggers membrane fusion utilizing both the flexible N-terminal region and the CTLD domain has emerged.
Introduction

Epstein-Barr virus (EBV), taxonomically classified as
Human herpesvirus 4, is a member of the c-herpesvirus subfamily and one of eight human herpesviruses that establish latency in host cells. Prevalence of EBV is estimated at 90-95% in adult humans. EBV virus infects epithelial cells and B-lymphocytes in vivo, with lifelong latency established in B-cells [1] . While viral infection in childhood is typically benign, primary infection in adolescence or adulthood may lead to infectious mononucleosis. EBV is associated with lymphoid and epithelial cancers, including Burkitt's lymphoma, Hodgkin's disease, and nasopharyngeal and gastric malignancies [2] [3] [4] [5] [6] [7] [8] . In immunocompromised individuals, EBV is associated with diverse complications including immunoblastic lymphomas and oral hairy leukoplakia, an epithelial lesion [9] [10] [11] .
The major cellular event in viral infection is the delivery of the viral capsid or nucleoprotein core into the host cell cytoplasm. Enveloped viruses such as the herpesviridae perform this delivery by fusion triggered by viral cell envelope glycoproteins binding to receptors on the host cell membrane. The EBV genome encodes several glycoproteins required for fusion and entry into host cells. Glycoprotein B (gB), gH, and gL are necessary for fusion in both epithelial and B-cells [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] , and glycoprotein 42 (gp42) is required for B-cell fusion but is inhibitory for epithelial fusion [23] [24] [25] [26] . Gp350/220 serves as the first viral attachment glycoprotein for B-cells through binding to complement receptor type 2 (CD21) but is not required for entry [27] . Following this attachment, viral fusion is triggered by the binding of gp42 to human leukocyte antigen (HLA) class II receptor [28] [29] [30] . When gp42 binds to this receptor, it blocks recognition of the complex by T-cell receptors [31] , possibly helping the virus to escape immune system detection.
The solution of the structure of EBV gp42 bound to HLA-DR1 in 2002 [32] showed that the majority of EBV gp42 is a C-type lectin-like domain (CTLD), part of the protein fold superfamily ''CLECT: C-type lectin (CTL)/ C-type lectin-like domain''. Specifically, it is in a subclass of CTLDs: ''CLECT NK-receptor-like'', which is named for their resemblance to natural-killer receptors (NKRs). The N-terminal region of gp42 adjacent to the CTLD fold is responsible for the binding to the gH/gL complex to form a 1:1:1 ratio complex of the three proteins [23] . Disruption of the N-terminal region in gp42 results in disruption of fusion by hindering the binding of gp42 to gH/gL [25] , and has led to the hypothesis that gH is a likely binding partner of gp42 in this interaction [33] . In fact, a peptide spanning the EBV gp42 region from amino acids 36 to 81 effectively binds gH with affinity comparable to that of the entire gp42 molecule [23] . The more recent solution of the structure of unbound EBV gp42 [34] illuminated subtle structural changes in the conformation of the protein that may provide insight into the behavior of this CTLD in binding ligands and in providing conformational triggers for fusion with host cells. This is a survey of the structural features of gp42, how they resemble or differ from typical CTLDs and how these structural features may play a role in fusion and viral entry into host B-cells.
Structural features of gp42 as a CTLD
Gp42 is produced in two forms by EBV-infected B-cells: a full length form that is a 223 amino acid long type-II transmembrane glycoprotein and a truncated soluble form (Fig. 1a) . The soluble form of gp42 is generated by the cleavage by host protease of the membrane bound form of gp42 at a protease site determined to be near amino acids 40-42 located adjacent to the N-terminal membrane spanning domain [35] . Both the soluble and the membrane bound forms of gp42 bind gH/gL and HLA class II, but it is the soluble form of gp42 that functions in B cell fusion [23] . Interestingly, studies have shown that the soluble form of gp42 also inhibits HLA class II-bound antigen recognition by T-cell receptors suggesting a putative role of gp42 in immune evasion [35] . The long form of the protein gp42 fits the characteristics of a canonical C-type lectin-like domain [32] , but its characteristic CTLD features, the alpha helices and beta strands, are somewhat shorter than those described in comparative reviews of the CTLD fold class [36, 37] . It possesses two highly conserved disulfide bridges-sometimes called cysteine staples-present in canonical CTLDs. The first of these bridges connects the N and C terminal regions of the protein, tying together the ends of the entire structure (black arrowhead in Fig. 1b) . The second connects b3 and b5 in most long loop CTLDs [36] , but falls just short of the b5 strand in gp42 (gray arrowhead). Two other disulfide bridges characteristic of other NK-like CLECTs are also seen in gp42. The first is typical of Ly49 NK CLECTs [38, 39] and connects a1 to b5 (black arrow); the second is seen in CD94 and NKG2D CLECTs [40] [41] [42] and connects C102 with C115 in the b1 strand (gray arrow). Gp42 also contains an ''extra'' unique cysteine staple, serving to tack the N-terminal region to the side of the molecule nearest the HLA receptor [32, 34] (red arrow in Fig. 1b) .
A primary functional characteristic of many CTLDs is that they bind carbohydrates in a calcium-dependent manner. Two motifs interact with calcium to facilitate binding of sugar: the ''WND motif'' and the ''EPN motif'' [37] . The presence of these motifs has often been used as a predictor of carbohydrate binding. Gp42 possesses neither of these domains, so it is unlikely that it binds carbohydrate or utilizes calcium in binding its ligands [32] .
The long-loop region (LLR)
The LLR is only observed in canonical CTLDs and is the most variable portion of the fold [37] . In CTLDs known to bind calcium, one of the calcium-binding sites is located in this region. In most canonical CTLDs, specific binding sites are likely to be located in this region [36] . EBV gp42 is a canonical CTLD and possesses a LLR. Contained within this LLR is a putative canonical hydrophobicbinding pocket, composed of 22 residues, 4 of which are supported by the a2 helix [32] . This pocket has been hypothesized to be involved in the initiation of membrane fusion since hydrophobic residues are typically not exposed on protein surfaces and surface hydrophobic patches are often identified as potential locations for protein-protein interactions [43] . The canonical-binding pocket corresponds to the carbohydrate-binding domain in CTLDs that bind carbohydrate [37] . In the heterodimeric CD94-NKG2 NKR family, this pocket is involved in binding the HLA-E receptor [44] , and it binds MHC class I receptors in the Ly49 family of NK receptors [39] . In Ly49 proteins, the core of the binding site is largely conserved among all Ly49 members, while flanking regions differ among each Ly49 protein to confer specific recognition of the different MHC class I binding partners [45] . However, gp42 binds its receptor HLA protein in an entirely different portion of the CTLD, which corresponds to the homodimerization region in Ly49A and NKG2D [32, 45, 46] . This leaves the canonical-binding pocket open to accept another binding partner. In the unbound gp42 structure, the canonicalbinding pocket is more closed than in the HLA class II-bound structure [34] . Specifically, when gp42 binds to HLA class II, the alpha-2 helix shifts and the loop at residue 158 (''158 Loop'') moves toward the class II receptor, serving to widen the canonical-binding pocket (Fig. 2) . The subtle opening of the pocket may act as a signal for fusion, since even small structural changes in proteins can create significant biological effects. The Blue coils = alpha helices; red arrows = beta strands; yellow tubeworms = disulfide bridges; black arrowhead = disulfide bridge conserved in all canonical C-type lectin-like domains (CTLDs); gray arrowhead = disulfide bridge conserved in long-loop CTLDs; black arrow = disulfide bridge conserved in Ly49 natural-killer (NK) CTLDs; gray arrow = disulfide bridge conserved in CD94 and NK2GD CTLD families; red arrow = disulfide bridge unique to EBV gp42 (structures created using Pymol)
Virus Genes (2010) 40:307-319 309 functional homologue of gp42 in herpes simplex virus 1 (HSV-1) is glycoprotein D (gD). Structural change in gD upon binding to its receptor, HVEM, is thought to initiate recruitment of gH/gL and gB to the membrane fusion process [47] . A similar event caused by the binding of gp42 with class II may provide enough of a conformational change in the hydrophobic-binding pocket and surrounding residues to initiate recruitment of cellular or viral proteins essential for membrane fusion [34] , possibly EBV glycoprotein B (gB) or gH/gL.
Viral orthologues to gp42
C-type lectins are among the oldest known animal lectins, with snake venom agglutinating lectin first described in the late 1800s and bovine conglutinin described in 1906 [48] .
There are now more than one thousand identified animal CTLDs (some of which are inferred from genome sequences) with most of these proteins lacking lectin function, and thus best defined as ''C-type lectin-like'' by exhibiting characteristic CTLD-fold structure and ligandbinding features [37] . Non-Metazoan CTLDs fall into two broad categories: parasitic bacterial and viral CTLDs and a group of CTLDs that contains non-viral plant proteins and the planktomycete Piruella bacterium [37] . Parasitic bacterial CTLDs exhibit the features of a compact form of the fold, while viral CTLDs appear to be of the canonical type, possessing a LLR. Many of these viral proteins show significant similarity to mammalian CTLD-containing proteins, suggesting evolutionary adaptations in which viruses hijacked or imitated host proteins to facilitate evasion of immune detection.
Sequence similarity searches for viral homologues to human EBV gp42 return very few orthologues in other species: notably rhesus and marmoset lymphocryptovirus gp42-type proteins. For a more thorough investigation of the phylogenetic diversity of viral CTLD-containing glycoproteins, it is useful to perform a Pattern-Specific Iterated BLAST (PSI-BLAST). This is consistent with protocols used in characterizing the CTLD fold in comparative analysis studies [36] . The PSI-BLAST algorithm is similar to basic BLAST, but assigns a matrix of scores based on alignments of key patterns/motifs in the sequences in the protein database it searches [49] [50] [51] . This allows the investigator to uncover more remotely related homologues that may otherwise escape detection with BLAST, due to low overall sequence similarity scores. A PSI-BLAST was performed on proteins from only viral taxa using the BLOSSUM62 matrix on NCBI's BLAST server at http://www.ncbi.nlm.nih.gov/blast/Blast.cgi. After 20 iterations, no novel sequences were found. The sequences returned by the search were culled to one representative sequence per viral species using reference sequences where available. These sequences were verified using the annotations in the InterPro database of viral CTLD-containing proteins at http://www.ebi.ac.uk/interpro/IEntry?ac=IPR 016186. The InterPro family of C-type lectin-like proteins (family accession identifier IPR016186) contained 136 viral entries at the time it was consulted, though a number of these sequences are redundant. One sequence per virus for a total of 51 species was uploaded in FASTA format to the Phylogeny.fr server, where all subsequent steps were performed [52] . Sequences were aligned in a multiple alignment using ProbCons [53] , and edited manually to improve the alignment. These results then were submitted to phylogenetic analysis using PHYML [54] , and trees were visualized with TreeDyn [55] . After initial tree construction, extreme outlying sequences were removed from the alignment to present a more compact phylogram, including sequences from two Oryza (rice) species, bluetongue virus, and ovine herpesvirus 2. These sequences aligned with gp42 for only short spans with low sequence similarity and identity. Results are depicted in Fig. 3 . It is not surprising that proteins from two known primate lymphocryptoviruses, rhesus (88% sequence similarity to gp42, 79% identity) and marmoset (56% similar, 39% identical), are most closely related to EBV gp42. Sequencing of several non-human primate lymphocryptoviruses (LCVs) has resulted more than 50 known primate LCVs and detailed phylogenetic analysis of these sequences suggests it is possible that orthologous proteins exist in several other primate gammaherpesvirus species in addition to marmoset and rhesus, representing species from Old World and New World primates and other hominoids [56] [57] [58] . Some of the next nearest neighbors in Fig. 2 Overlay of the HLA class II-bound and unbound structures of EBV gp42. Bound structure is light blue-gray, unbound is yellow, HLA class II is deep blue (structure created using Pymol) the phylogram are other mammalian gammaherpesvirus proteins.
The results of this analysis prompted further investigation of other viral CTLDs' function and structural characteristics. No crystallography or NMR-solved structures exist for other viral CTLDs except for major tropism determinant (Mtd), a retroelement-encoded receptor-binding protein of Bordetella bacteriophage. This protein lacks disulfide bridges and was not detected during the PSI-BLAST performed above, but it has been cited as an example of the fact that CTLDs can tolerate massive sequence variation yet still maintain structural stability Virus Genes (2010) 40:307-319 311 [59] . Many viral C-type lectin-like-containing proteins are identified as CTLD structures solely by prediction from genomic sequence data. Interestingly, one of the sequences removed from the alignment to generate a more compact phylogram belonged to Ov7 protein from ovine herpesvirus, a c-herpesvirus (30% similar, 9% identical to gp42). Despite belonging to the same viral family as EBV, the protein from ovine herpesvirus does not exhibit the typical disulfide bond locations that characterize many CTLDs. In fact, this protein aligned to the N-terminal region of gp42, not the canonical CTLD region, is most similar to the Alcelaphine (wildebeest) herpesvirus protein A7 (38% similar, 20% identical to gp42), but does not exhibit many characteristics of a CTLD itself. Little is known about this protein, which has not been experimentally investigated. Phylogenetic studies of gammaherpesvirinae in such diverse species as hyena, rhinocerous, zebras, and crocodiles (among many others) have made the gammaherpesvirus family the most extensively characterized among the three subfamilies (alpha-, beta-, and gammaherpesvirinae), but also the most complex [60, 61] . This complexity makes coevolutionary interpretation difficult and may help to explain why such proteins as Ov7 differ greatly from EBV gp42 while still belonging to the same viral subfamily.
Information from experimental studies of viral gp42 orthologues' similar function and overall structure despite sequence differences is valuable for understanding function of this protein class. Rat cytomegalovirus (RCMV) CTLD protein (21% similar, 14% identical to gp42) was the first of this fold class identified in a herpesvirus, and it shows marked similarity to CD69 NK receptors [62] . RCMV is a b-herpesvirus, and the CTLD coded by its genome is a spliced gene with introns and exons-making it different from the unspliced gp42 protein-coding gene BZLF2. Despite these differences, it is proposed that RCMV C-type lectin-like protein plays a role in immune system evasion by the virus by downregulating MHC class I [63] . Rat CMV lectin-like protein lacks the disulfide bridge between b3 and b5 that is present in EBV gp42 and most other longloop CTLDs and shares this lack with cowpox (27% similar, 16% identical to gp42) and deerpox (31% similar/20% identical) virus orthologues. Canarypox viral CTLD (30% similar, 19% identical) possesses four disulfide bridge features that are shared by gp42 with other canonical CTLDs and is thus groups more closely to gp42 by sequence similarity. African swine fever virus (ASFV) possesses a CTLD-containing protein (27% similar, 16% identical) that is encoded both early and late in the infection process. This protein has been shown to be nonessential for viral growth in porcine macrophages or for virulence in domestic swine [64] , but to inhibit p53 activity and apoptosis during ASFV infection [65] . Porcine lymphotropic virus CTLD-containing protein (52% similar/ 35% identical) comes from the c-herpesvirus porcine lymphotropic herpesvirus 1 (PLHV-1), a homologue to EBV [66, 67] . This virus has been shown to upregulate EBV promoters and to trigger reactivation of the virus in BC-3 cells latently infected with EBV, prompting cause for concern when using porcine xenografts in human transplantation [68] . While no direct comparisons between EBV gp42 and the porcine lymphotropic herpesvirus CTLD have been made, strong similarity of sequence exists between these proteins, with PLHV-1 CTLD the closest non-primate sequence recovered in the PSI-BLAST results.
CTLD structural neighbors of gp42
CTLDs show a remarkable structural similarity while showing as little as 20% sequence similarity [37] . For this reason, sequence similarity searches may not always elucidate the potential of this family. The CTLD is a strongly conserved fold with a long evolutionary history. The carbohydrate-binding function is thought to be the oldest function of the family. Given its long history, it is not surprising that the fold family has become more varied and functionally flexible over time and species to bind other ligands besides carbohydrate while still maintaining the same overall structure. Fish antifreeze CTLDs bind ice crystals [69] , pancreatic lithostathine binds CaCO 3 [70] , and many CTLDs bind proteins [37] . Since sequence similarity searches may not uncover EBV gp42's nearest functional relatives, alignments based on structural similarity using the Vector Alignment Search Tool (VAST) from NCBI's MMDB Entrez Structure database (http:// www.ncbi.nlm.nih.gov/sites/entrez?db=structure) were performed to reveal the nine best structural neighbors to gp42, scored and ranked by number of residues aligned ( Fig. 4a ; Table 1 ). EBV gp42 is very similar to NK cell-activating receptors such as CD94, but when evaluated solely by number of aligned residues by structural feature, the EBV protein also aligns with such diverse CTLDs as rat surfactant protein, mouse scavenger receptor, human lithostathine and low density lipoprotein receptors, fish antifreeze protein and chicken eggshell ovocleidin.
Using the aligned length alone to compare protein similarity is the default alignment choice with VAST, and structural alignment by root mean squared deviation (RMSD) is a standard practice, but the Loop Hausdorff Metric (LHM) is a more accurate depiction of structural similarity [71] . LHM measures similarity of loops after alignment of major secondary structural elements. This type of alignment is especially relevant when comparing CTLDs that possess LLRs which are essential for the protein's function or binding. LHM values were used to rerank all structural homologues retrieved by the VAST search of the MMDB, and to create a new structural alignment based on loop similarity to EBV gp42 (Fig. 4b) . The best-ranked nine proteins in this alignment are now mostly NK-receptor-like CTLDs, and thus have very similar loop characteristics, despite having very low sequence identity. Table 1 shows a summary of the best structural orthologues ranked by numbers of aligned residues and by LHM. The areas demarcated by brackets in Fig. 4a and b show that the aligned loop regions are now more compact. In the LHM model, the best-matched structure with EBV gp42 is human NKR CD94NKG2A complexed with HLA-E that only shares 22% amino acid identity. These alignments emphasize that, when evaluating a fold as common as the CTLD, it is important to consider structural similarity when attempting to deduce functional characteristics of the protein.
The N-terminal region of EBV gp42
The region of gp42 that is critical for interaction between gp42 and EBV gH/gL is the N-terminal region, specifically residues 36-81. Studies have proposed that this region interacts with gH/gL by contact through amino acids 47-61 and 67-81 with high molecular affinity in a hairpin-like conformation [72] . The structures of gp42 bound to class II and unbound gp42 begin with amino acid 33 but most of the gH/gL interactive region [34] is flexible and disordered in both the bound and the native structures of gp42, and this flexibility may be beneficial in creating regions of contact with gH/gL.
In separate studies of deletions of portions of the N-terminal region, it was found that the cleavage site that results in the soluble form of gp42 is separate from the gH/gL interactive site [73] and the resultant soluble form of the protein binds B cells with greater affinity than the fulllength protein. It is this soluble form that functions in B-cell fusion [23] .
The N-terminal region of EBV gp42 showed little to no sequence identity with other viral CTLDs in the PSI-BLAST described above. Neither does it have strong sequence similarity with other non-viral CTLDs identified by the structural VAST search. However, investigation of these orthologous proteins' N-terminal domains may uncover some similar characteristics shared by this region of gp42 with other lectin-like proteins. Lithostathine, pancreatitisassociated protein (PAP), and other members of a multifunctional CTLD family exhibit a protease cleavage site located between arginine and isoleucine residues in the short N-terminal domain that, like gp42, produces a soluble short form of the protein [74, 75] . These proteins have a great variety of functional roles depending on their location in cells, so similarity of cleavage site and CTLD fold structure do not ensure similar biological function. This diversity of function in a single fold class is another characteristic of the long evolutionary persistence of the fold [37] . Chinese white shrimp [76] and Zhikong scallop [77] possess an N-terminal signal sequence paired with a C-type lectin-like fold in proteins that, in both species, serve as pattern recognition receptors that are upregulated in immune response to invasion by bacterial pathogens. Other CTLDs with roles in cytotoxicity such as CD69 [78] , NKG2D and NKp80 [79] , and the Ly49 family share gp42's type-II transmembrane features in their N-terminal regions. Similarity to native immune response protein folds in diverse species raises the possibility that EBV gp42 evolved by the virus hijacking or mimicking a CTLD-fold host protein to evade immune system detection. In studies of EBV gH/gL chimeric complexes composed of various combinations of human, marmoset, and rhesus gH and gL proteins matched with human gp42, gp42 fails to function in fusion assays with marmoset gH (MgH) while it does function with rhesus gH (RhgH) [25, 80] . It could be possible that EBV gp42's N-terminal region is not well fitted for interaction with MgH and thus does not function in fusion with B cells, so the fault may lie in the human EBV gp42 and not MgH. Marmoset gp42 homologue CalHV3gp47-ORF 44 is more similar to gp42 in its CTLD region than in its N-terminal span. Additionally, the N-terminal region is at least 20 residues longer in marmoset than in EBV gp42 in the current data entry in EntrezProtein at NCBI. This may mean that the marmoset protein adopts a different conformational shape in its N-terminal region and this shape is possibly dissimilar enough to human gp42 that they are not interchangeable for fusion function. To evaluate the extent of dissimilarity between human and marmoset gp42 orthologues, the human, rhesus, and marmoset gp42-like proteins were aligned in a multiple alignment, using the RefSeq sequences for each protein from EntrezProtein at NCBI. This alignment brings to light a possible error in the annotation of marmoset gp42. The marmoset protein sequence is the result of automated gene-finding algorithms and places the start codon for CalHV3gp47-ORF44 60 bases farther upstream than either the human or rhesus orthologue. The gene has three possible methionine-coding ATG start sites early in its sequence. When the three sequences are realigned, using an ATG start codon 61 bases into the marmoset DNA sequence, the resulting translated protein is nearly the same length as the human and rhesus orthologues and, more importantly, places the CTLD in the same location of the protein. This possible error in annotation of CalHV3gp47 does not fully explain the failure of human EBV gp42 to function in fusion assays with marmoset gH. It does raise the possibility that the open reading frames for the marmoset virus genome for this gene and perhaps others-such as marmoset virus gH-are incorrectly predicted. Alternatively, sequence differences between EBV gp42 and the marmoset orthologue may explain the lack of interchangeable function. This doubt can only be extinguished by more extensive laboratory experimentation on marmoset HV3 gp47 or on human-marmoset viral chimeras.
Mutational studies of gp42 and HLA class II Several mutational assays of gp42 and/or HLA class II have been published [25, 72, 73, 81, 82] . Table 2 summarizes three studies of mutations to gp42 and their results in fusion assays and Fig. 5 illustrates the locations on gp42 of some mutation sites. In addition to those shown in the table, early truncation mutants of gp42 revealed that deletion of up to 90 residues from the N-terminal end of gp42 can still produce a protein that is capable of binding HLA class II, while deletion of as few as 28 residues from the C-terminal tail rendered gp42 incapable of binding HLA class II, presumably because of disruption of the CTLD-fold conformation [82] . Mutations to HLA class II confirmed that gp42 does not bind class II at the canonical hydrophobic pocket, distinguishing its interactions with class II from the canonical CTLD-docking pattern exhibited by Ly49A with MHC class I [81] .
The first study of mutations to gp42 in Table 2 confirms the importance of residues that bind HLA class II in fusion function: LI104, LI112, LI148, LI149, Y107A, and E160A were non-functional in fusion, while R220A exhibited reduced fusion capability. Class II contact mutants T104A and R154A did not affect fusion. The T104 mutation does not disrupt hydrogen bonds with class II residue Rb72, while mutation of gp42 Y107A likely does disrupt hydrogen bonds with the same residue [25] . R154's binding partner in class II is Sb63, which has been shown to not be essential in the interaction [81] . Of greater importance in this group of mutations is the set of mutants that affect the hydrophobic-binding pocket without disrupting binding with HLA class II. These mutants failed to function in fusion, providing further evidence that this pocket is a potential docking site for another protein necessary for fusion [25] . The ligand for this pocket has yet to be defined. This study also identified mutants that apparently disrupt core structural features of gp42 that are distinct from the HLA class II binding site or the hydrophobic pocket.
Mutations to the N-terminal domain shown in the second section of Table 2 fall into three categories: mutants that retain both fusion and gH/gL-binding capabilities, mutants that lose fusion capability but retain gH/gL-binding and mutants that lose both fusion and gH/gL-binding abilities. The mutants in the third category revealed that residues 37-56 and 72-96 are essential for fusion, and the amino acids 47-61 and 67-81 are responsible for binding to gH. Based on this finding a peptide spanning amino Virus Genes (2010) 40:307-319 315 acids from 36 to 81 was constructed and shown to bind to gH/gL with high affinity, inhibiting B cell fusion when competing with soluble gp42 [72] . Some mutants in the second category of this study (D82-86, D87-91, and D92-96) may disrupt a potential dimerization region that was modeled in the structure of gp42 bound to HLA class II [32] . One mutant, D37-41, eliminates most of the cleavage site that is predicted to reside at residues 40-42, which is responsible for the production of soluble gp42 [72] . Soluble gp42 plays an important role in membrane fusion [35] . The third set of mutations depicted in Table 2 was constructed to investigate the cleavage site and secretion of soluble gp42. Truncation mutant D51 was not functional in fusion assays and did not bind gH/gL. This is not surprising, based on studies mentioned above that implicate residues 37-56 in gH/gL binding. Truncation mutants D36, D41, and D46 all functioned in fusion and binding with gH/gL and HLA class II. In fact, D41 displayed an increased ability to mediate membrane fusion over wild-type gp42. This truncation mutant matches the start site of wild-type soluble gp42. These findings, in combination with the evidence that deletion of the cleavage site with mutant D37-41 eliminates fusion, strongly suggest that gp42 must be cleaved from its transmembrane region and secreted to function in membrane fusion. This truncation study found the cleavage site to be distinct from the gH/gL-binding site and provides the clearest functional importance of cleaved, secreted gp42 [73] .
Discussion
Epstein-Barr virus gp42 is a well-studied protein. It has been crystallized and identified as a C-type lectin-like Fig. 5 Structure of EBVgp42 bound to HLA class II (PDB identification number 1KG0) with residues selected for mutation highlighted in color. Amino acids in the N-terminal domain are shown in silver-gray; HLA class II contacting residues are brown; hydrophobic-pocket residues are pink-purple; residues in other structural features are green. Hydrogen bonds between selected gp42 and HLA contact residues are shown by chartreuse dotted lines (structure created using Pymol) Summary of effects of mutation on gp42 from three published studies. Symbols used: Plus sign (?) functional in fusion assays; minus (-) nonfunctional in fusion assays; plus/minus (±) reduced function in fusion assays; D deletion of residues following the symbol; ND assay not done a Reference [25] b Reference [72] c Reference [73] Virus Genes (2010) 40:307-319 317 protein, in both bound and native structures [32, 34] . Despite its structural similarity with other members of the NK-like CTLDs, it displays a unique binding conformation with its receptor HLA class II and has a flexible N-terminal domain that carries essential sites for binding gH/gL and cleavage that are necessary for membrane fusion. In-depth sequence and structural analysis have identified no other CTLDs that share this combination of N-terminal domain features, though some small similarities exist in cleavage and secretion characteristics. Also, the binding partner for the canonical hydrophobic-binding pocket has not yet been identified, though this region is also essential for fusion [25] . That this protein and others in the CTLD fold class can maintain strong structural similarity while displaying little sequence identity and diverse functionality suggests that the Epstein-Barr virus may have co-opted or mimicked a host immune protein structure in order to become more efficient in infecting host B cells and evading immune detection. EBV gp42 has been altered in a number of mutational studies that have helped to define functional regions necessary for fusion and binding of gH/gL and HLA class II [25, 72, 73, 81, 82] . Despite this intense study, the exact mechanics of EBV binding, fusion with and entry into host cells awaits further structural evidence of gp42 bound with gH/gL and potential ligand candidates of the hydrophobic pocket, including gB or gH/gL, if there is a direct interaction. Gp42 is not currently a therapeutic target for development of EBV vaccines, but it does provide an attractive model for small-molecule inhibition of viral infection, as evidenced by studies that blocked membrane fusion with a peptide identical to the N-terminal region from amino acids 36 to 81 [72] . It will also help providing insight into the mechanics of immune evasion by herpesviruses, and possesses other potential targets in the N-terminal cleavage site and the hydrophobic pocket for therapeutic intervention against EBV entry and transmission.
